Abstract. The paper is concentrated on the last developments related to process design for sheet and tube hydroforming. The paper first analysis the ways to account properly flow movements and pressure drops occurring in sheet and tube hydroforming that can interact with sheet or tube deformation during hydroforming described with a flow-structural approach, based on an ALE approach accounting well the structural interactions. Then different optimization strategies for process parameters are presented on the basis of cost functions associated to final geometry of sheet or tubular components, based on gradient approach as well as stochastic ones, depending on the number of parameters and on the sensitivity of parameters relatively to the response functions. Finally an integrated design approach based on control of processes is described combining optimization and continuous adjustment of process parameters to get the required parts accounting the machine tool limits and the material ones. Different applications are given related to typical components that are used in automotive industry.
INTRODUCTION
The hydroforming processes for flanges or tubes hydroforming are now increasingly used in automotive industry for manufacturing lightweight components, [1] and [2] . These processes permit to obtain complex structural parts comparatively to classical stamping ones and are used as example in automotive production for standard vehicles or prototype ones, and are often associated to the use of new incoming materials [3] and [4] . Among different hydroforming processes, one classically distinguishes two distinct technologies. In tube hydroforming technology, a tube generally with a circular cross section, is first shaped by bending and then clamped in a tooling system, filled by a fluid and then pressurized [5] . It results that the tube takes the inner shape of tools that allow producing complex seamless parts. The flange hydroforming technology consists to take benefit from hydraulic pressure to assist flange deep drawing by replacing the die cavity by a cavity filled by a hydraulic fluid [6] . In such processes, the pressure in the die cavity decreases the sliding between the flange and the punch and reduces the friction between the flange and the die cavity under the blankholder, leading to the increase of Limit Drawing Ratio comparatively to classical deep drawing processes [7] . The flange hydroforming process permit to get complex components in a single shape that cannot be produced by classical deep drawing processes. It also permits to get small size details due to the fact that the pressure applies the flange on the dies.
In order to perform modeling and simulation of hydroforming processes, it is first necessary to properly identify material properties involved in hydroforming. For tube hydroforming, several authors have proposed biaxial experiments where a tube submitted to an inner pressure can be expanded in an open cavity [8, 9] . The results obtained from these experiments show that the hardening exponent has an important role. In order to characterize material behavior through tube expansion tests, some authors have proposed relations issued from analytical modeling [9, 10] that permit to get material parameters from inner pressure and axial loads.
Another aspect in modeling and simulation of flange or tube hydroforming is associated to the prediction of the limits of formability, i.e. the range of process parameters leading to a component free of defects (necking, fracture, wrinkling and bursting). In that field, some authors have attempted to apply classical Forming Limit diagrams (FLD) to predict necking, bursting and failure [11] , but the pressure strongly influences the FLD, so other approaches have been proposed based on ductile fracture mechanics [12] , whereas other authors proposed to extend the linear stability analysis to 3D complex stress states to describe necking and fracture in tube hydroforming [13] . In order to proceed in flange or tube hydroforming in the process window avoiding failure, bursting and buckling, various authors have proposed strategies to determine the limiting axial loads to apply to pistons or counter pistons in order to prevent risks of buckling and failure [10] . Control strategy based on coupling FE simulation of tube hydroforming and optimization has been proposed by the authors [14, 15] that propose a method to incrementally build the inner pressure and axial loads vs. axial feed.
NUMERICAL MODELLING
In order to fulfill requirements of the products quality, stiffness constraints or even for aesthetic considerations, accurate description of the hydroforming processes is necessary. In particular, strains distributions, thickness variations in tubes or flanges and the final shape have to be analyzed. However, the hydroforming processes for tubes or flanges are complex processes, the part indeed large displacements, large rotations and strains. For these geometrical non-linearities, it is also necessary to add, for a correct description of the material behavior of sheets or tubes, material non-linearities. In addition, the hydroforming processes generally use tooling systems that introduce other non-linearities as contact and friction. The current tendency in the automobile sector to reduce the deadlines for designing new vehicles and the impressive technological projection of the data-processing field thus involved the use of numerical tools based on the finite elements method, for the simulation of the hydroforming processes and stamping [16] .
The numerical simulation of hydroforming by the finite elements method requires the use of elements able to account geometrical and material behavior. The simplest case is the use of 2D finite elements to deal with the axisymmetric hydroforming problems. However, the shapes of the components that industry requires are often complex and the majority of the parts are obtained starting from flanges or from rather weak tube thicknesses. For taking into account 3D geometries and to model various components, one proposes the use of shells elements. This type of elements makes it possible to integrate membrane and bending effects and transverse shearing if necessary. In this context of shells finite elements, a numerical modeling of the anisotropic elastoplastic behavior has been proposed [17] . The algorithm that is used consists to realize an elastic prediction followed of a possible plastic correction. Concerning the global solution procedure, one concentrated on an approach based on a transient explicit algorithm.
MODELLING THE FLUID/STRUCTURE INTERACTION IN HYDROFORMING Fluid-Structure Interactions in Sheet Hydroforming
In this paragraph, one focuses on the behavior of the fluid velocity and pressure in the case of flange hydroforming to realize cylindrical or 3D cups. The objective is to set up a model for the simulation of the distribution of fluid pressure between the flange and the die. Moreover, one wishes to determine the variation of the pressure in the closed die where the rise in pressure is obtained through the reduction in volume of fluid caused by the displacement of the punch. Tirosh et al. [6] modeled the hydroforming of a circular flange and analyze the influence of pressure and deep drawing ratio on the punch force to be applied, see figure 1; they also determined the evolution of the pressure between the flange and the die in using an analytical approach. Gelin and al. [7] have proposed a similar approach to describe the role of the fluid between the flange and the die and they have designed an experimental device to measure the pressure of the fluid corresponding to various points of the flange. One describes here a generalized procedure to account the hydrodynamics fluid flow between the sheet metal part and the die, beneath the blankholder. The hydroforming of a cylindrical cup is chosen as an example. The experiments are related in [7] . The tests consist to the deep drawing of a circular flange associated to a pressure cavity generated by the volume variation of an incompressible fluid. The geometry of the tools is given in figure 2 . The variation of the fluid volume is related to the flange deformation and to the displacement of the punch, the decrease of the volume of the cavity results from the deformation of the sheet metal part. Delassus [7] has established the influence of the hydroforming parameters (thickness, blank diameter, material, blankholder force, punch velocity) on sheet deformation and on the evolution of the inner die pressure cavity.
FIGURE 2. Geometry of the hydromechanical deep drawing process
In figure 3 , one compares the evolution of the pressure cavity obtained in a numerical way, with the variation of pressure in the die cavity. One notices a relatively good agreement between both curves. 
Fluid-Structure Interactions in Tube Hydroforming
In that part, one analysis the fluid-structure interaction in tube hydroforming where an initially cylindrical tube is pushed in the axial direction by a piston and where the inner pressure inside the tube change the inner shape of the tube, see figure 4 . A fluid flow in the cavity can be accounted in order to describe the process as it is carried out in practice. The problem investigated to account fluid-structure interaction when the inner pressure evolves associated to tube hydroforming, i.e. variation of tube diameter take place. Inside the die cavity, the fluid can be considered as a Newtonian viscous fluid and the stress tensor is related to the strain rate tensor as:
where σ is the Cauchy stress tensor, p is the pressure, v is the fluid velocity, µ is the viscosity and D the strain rate.
The balance of momentum and the mass conservation equations are written as:
where ρ is the fluid density. Equations (2) and (3) are then discretized through the Finite Elements Method, and the well know P1/P1+ finite elements have been used.
One first considers an axisymmetric tube hydroforming problem where the tube is discretized with axisymmetric shell elements avoiding volumetric locking. The fluid in the inner part of the tube is meshed with P1/P1+ elements. In order to ensure a well defined coupling between the fluid in the die cavity and the deformed tube, one has chosen to establish a superposition of the fluid nodes on the inner surface of the tube and structural nodes that are used to calculate the deformation of the tube. where V p1 and V p2 stand for the axial velocities at both each extremities of the tube and p c is the pressure cavity that one needs to obtain. The fluid is injected in the tube through a small orifice placed on one of the punch (Γ p ), figure 5 .
During tube hydroforming, the tube surface moves. The fluid nodes that coincide with this surface have to exhibit such a similar motion, but one have to point out that equation (2) is expressed in an Eulerian form. So, this equation has been modified, introducing an Arbitrary Lagrangien Eulerien formulation (ALE) to deal with that problem, expressed as: One first consider an example that consists to perform the hydroforming of a steel tube with an outer diameter equal to 25.5 mm and a thickness equal 1.6 mm in an axisymmetric cavity with multi-stage cylindrical parts, see figure 6. One has represented in figure 7 the variation of the oil volume during hydroforming in the inner cavity. It has to be noticed that the fluid volume increase up to 15%, from the initial volume, that corresponds to a significant value. One clearly remarks that the fluid volume increases following different slopes during processing. At the end of the process, the fluid volume inside the inner die cavity remains approximately constant. 
OPTIMISATION AND CONTROL OF THE HYDROFORMING PROCESSES
The optimization procedures are increasingly used in industry to determine the optimal process parameters. The use of the finite element method coupled to optimization algorithms is a solution to obtain the optimum parameters. So, the finite element method is used to evaluate the effect of a set of parameters on the process. The optimization of hydroforming process, in particular, requires the definition of objective functions representing the quality of the components. These functions are used to quantify shape defects or surface distortions (buckling, wrinkling, and bursting). For example, one can use the objective function expressed as in:
where h 0 is the initial flange or tube thickness h i stands for the thickness at node i and n is the total nodes number involved in the problem. The optimization method (OM) proposed by the authors see [14, 15] consists to combine the simulation of the process and the evaluation of the cost function and then to minimize this cost function with constraints respect in using a SQP algorithm. This method requires computing the gradient of the objective and constraint functions, i.e. to perform sensitivity analyses. Two different methods for sensitivity calculations are used to obtain the gradient vector corresponding to the finite different method (FDM) and to the direct differentiation method (DDM).
Recently, one has thus developed an optimization module "LSOPTMEF" that uses LS-DYNA as FEM solver. This optimization module includes MPI library in order to launch several computations in parallel on a cluster LINUX.
One also proposes a control strategy algorithm to determine the command laws for hydroforming of parts with better quality. It consists to include a control loop inside the incremental loop used in the finite element solution procedure. The developed method proposes a coupling between the response surface method and optimal control [14, 15] . The employed methodology consists in combining the theory of optimal control with the response surface method (Moving Least Square Approximation).
One propose the hydroforming of a tube with an external diameter equal to 49.8mm and thickness equal to 2mm and material corresponds to mild steel to evaluate the optimization method (OM) and control algorithm (CA), One search to determine the evolution of the pressure p(t) and the displacements of the two pistons during hydroforming , see figure 8 . One uses the objective function given by equation (1) to measure the quality of the tube. One notes from graphs 9 and 10 that both methods (OM) and (AC) converge towards an almost unique solution. One has represented in figure 11 the thickness variation of the nodes pertaining to the plans P1 and P2 which are located along Z axis give similar result ( figure 8) . Moreover, one observes on graph 6 that the objective function converges towards a minimum when one uses the optimization method where the gradient of the objective function is obtained with the two sensitivity methods (MDF) and (MDD).
Nevertheless, if CPU times are compared, the optimization method (OM) required 49h whereas the control algorithm (CA) requires only 14h.
CONCLUSIONS
The analyses that have been proposed for modeling sheet metal deformations are based on 3D shell elements with an assumed interpolation of transverse strains avoiding shear locking for shell elements, and are well adapted to treat fully non-linear problems. A semi analytical approach has been developed for pressure and fluid flow modeling in flange hydroforming corresponding to hydromechanical deep drawing. The results of the proposed method lead to an accurate pressure evolution in the die cavity.
The comparison of the optimization approach and the control one reveals that there are two ways to get the pressure loading path vs. the optimization approach permits to get results if the set of parameters describing the loading path are chosen in an appropriate manner, but the computation time is important. The control approach that based on the incremental monitoring of the loading path leads to similar results quantitative but is closer to the real process and associated monitoring conditions.
